The objective of this study was to determine the effects of temporal hydrostatic pressure (HP) on the properties of scaffoldless bovine articular cartilage constructs. The study was organized in three phases: First, a suitable control for HP application was identified. Second, 10 MPa static HP was applied at three different timepoints (6-10 days, 10-14 days, and 14-18 days) to identify a window in construct development when HP application would be most beneficial. Third, the temporal effects of 10-14-day static HP application, as determined in phase II, were assessed at 2, 4, and 8 weeks. Compressive and tensile mechanical properties, GAG and collagen content, histology for GAG and collagen, and immunohistochemistry for collagen types I and II were assessed. When a culture control identified in phase I was used in phase II, HP application from 10 to 14 days resulted in a significant 1.4-fold increase in aggregate modulus, accompanied by an increase in GAG content, while HP application at all timepoints enhanced tensile properties and collagen content. In phase III, HP had an immediate effect on GAG content, collagen content, and compressive stiffness, while there was a delayed increase in tensile stiffness. The enhanced tensile stiffness was still present at 8 weeks. For the first time, this study examined the immediate and long-term effects of HP on biomechanical properties, and demonstrated that HP has an optimal application time in construct development. These findings are exciting as HP stimulation allowed for the formation of robust tissue-engineered cartilage; for example, 10 MPa static HP resulted in an aggregate modulus of 273 AE 123 kPa, a Young's modulus of 1.6 AE 0.4 MPa, a GAG=wet weight of 6.1 AE 1.4%, and a collagen=wet weight of 10.6 AE 2.4% at 4 weeks.
Introduction

C
artilage is an avascular tissue and therefore has a limited intrinsic ability for repair after injury or osteoarthritis. Current treatments result in the formation of fibrocartilage, which is mechanically inferior to articular cartilage. 1 Due to the limitations of current therapies, tissue engineering has emerged as a promising approach for treating cartilage degeneration, as a result of injury or osteoarthritis.
Scaffoldless approaches for tissue engineering articular cartilage [2] [3] [4] [5] bypass several of the problems associated with scaffold use, including stress shielding, biocompatibility, and biodegradation. In particular, the self-assembling process has allowed for significant increases in construct biochemical and biomechanical properties; however, these properties are still lacking in comparison to adult native tissue. 6 Therefore, the use of mechanical stimulation modalities such as hydrostatic pressure (HP) appears to be a promising approach for enhancing the biomechanical and biochemical properties of engineered constructs. Articular cartilage is exposed to HP in vivo, and efforts to stimulate chondrocytes with HP have focused on the physiological range of 3-18 MPa. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] It is believed that there are significant differences in the effects of static and intermittent HP. For example, several studies on human articular chondrocytes in monolayer have demonstrated that intermittent HP at 10 MPa, 1 Hz, results in increased aggrecan and collagen II mRNA, 12, 15, 17 while static HP was shown to have no effects on mRNA levels. 17 In contrast, in other work using explants or immature chondrocytes in three-dimensional culture, the beneficial effects of static HP have been demonstrated. Hall et al. 18 demonstrated enhanced GAG production with static pressures in the physiological range, while both Hall et al. 18 and Lammi et al. 19 observed either no benefit or detrimental effects with pressures above the physiological range. In tissue-engineered constructs with immature bovine chondrocytes, Toyoda et al. 20, 21 and Mizuno et al. 22 have also observed beneficial effects of static HP on GAG synthesis, aggrecan mRNA, and collagen type II mRNA. Finally, a recent study by our group compared the effects of 1, 5, and 10 MPa under static, 0.1 Hz, and 1 Hz conditions, and found that 10 MPa static HP significantly increased construct compressive and tensile properties, while 10 MPa, 1 Hz treatment only resulted in a significant increase in compressive properties. 16 Based on these results, 10 MPa static HP was selected for this study. Additionally, our own prior work has suggested 10-14 days to be a potentially suitable timeframe to apply mechanical stimulation, 6 while previous work by Ikenoue et al. 12 demonstrated that 4 days of HP application had a greater effect on aggrecan and collagen II mRNA than 1 day of HP application had. Based on the results of these studies, a comparison among HP application times of 6-10, 10-14, and 14-18 days was made in this study.
Although several studies have been performed to assess the effects of HP on tissue-engineered constructs, no studies have determined the optimal timepoint in construct development for the application of HP. Additionally, studies assessing the immediate and delayed effects of HP on construct biomechanical properties are lacking. Therefore, the objective of this study was to determine when in construct development the biomechanical and biochemical properties were maximally sensitive to HP application. Further, this study sought to examine the effects of HP on construct biochemical and biomechanical properties immediately after HP application, as well as up to 6 weeks after HP application, to determine how long the beneficial effects of HP would last after removal of the stimulus. First, it was hypothesized that the bagging process used in applying HP would have no effect on construct properties. As prior studies involving mechanical stimulation demonstrated the benefit of application from 10 to 14 days, it was likewise hypothesized that HP would have an optimal application timepoint in construct development for the enhancement of construct biomechanical and biochemical properties. Finally, due to the slower turnover of collagen remodeling relative to GAG in the extracellular matrix (ECM), it was hypothesized that construct compressive properties would be increased immediately after HP application, while there would be a delayed increase in tensile properties. To test these hypotheses, three experiments were performed. First, 10 MPa static HP was applied to self-assembled constructs and compared to two different control groups. Second, 10 MPa static HP was applied to the constructs at three different times in construct development. Finally, the effects of HP application were assessed immediately at 2 weeks, as well as at later timepoints of 4 and 8 weeks.
Materials and Methods
Chondrocyte isolation and seeding
Cartilage was obtained from the distal femur of 1-weekold male calves [23] [24] [25] (Research 87, Boston, MA) less than 36 h after slaughter, and was digested with collagenase type II (Worthington, Lakewood, NJ) to yield chondrocytes. To reduce variability among animals, each leg was obtained from a different animal, and cells from all legs were combined together to create a mixture of chondrocytes; a mixture of cells from at least four legs was used in each study. Cell number was assessed on a hemocytometer, and viability remained >90%, as determined by a trypan blue exclusion test. Chondrocytes were frozen in culture medium supplemented with 20% fetal bovine serum (Biowhittaker, Walkersville, MD) and 10% dimethyl sulfoxide at À808C for 1-2 weeks before use.
After thawing, viability remained greater than 85% in each study. A stainless steel mold consisting of 5-mm-dia.Â10-mmlong cylindrical prongs fit into 6 wells of a 48-well plate, and to construct each agarose well, sterile, molten 2% agarose was added to wells fitted with the stainless steel die. The agarose was allowed to gel at room temperature for 60 min, after which the mold was separated from the agarose. Culture medium was exchanged twice to completely saturate the agarose well with culture medium by the time of cell seeding. The medium was Dulbecco's modified Eagle's medium with 4.5 g=L-glucose and L-glutamine (Biowhittaker), 100 nM dexamethasone (Sigma, St. Louis, MO), 1% Fungizone= penicillin=streptomycin (Biowhittaker), 1% ITSþ (BD Scientific, Franklin Lakes, NJ), 50 mg=mL ascorbate-2-phosphate, 40 mg=mL L-proline, and 100 mg=mL sodium pyruvate (Fisher Scientific, Pittsburgh, PA). To each well, 5.5Â10 6 cells were added in 125 mL of culture medium. The cells self-assembled within 24 h in the agarose wells and were maintained in the same well for a specified amount of time; t ¼ 0 was defined as 24 h after seeding.
Preparation for specimen pressurization
Both bagged control (BC) and HP constructs were loaded into heat sealable bags (Kapak=Ampak Flexibles, Cincinnati, OH) previously sterilized by ethylene oxide. To each bag, 40 mL medium was added, and any air bubbles adhering to the bottom of the bag were released. The bags were then heat-sealed without any bubbles inside.
Specimen pressurization
BC specimens were placed into an opened pressure chamber maintained at 378C, while pressure specimens were placed into a pressure chamber (Parr Instrument, Moline, IL), filled with water, and sealed underwater without any bubbles inside. The pressure chamber used has been described previously. 10 Briefly, for 5 consecutive days, the specimens were pressurized to 10 MPa static HP for 1 h. After the execution of the desired regimen, the pressure chamber was disassembled, and the pouches were sterilized with 70% ethanol. In a sterile culture hood, the pouches were opened with autoclaved scissors, and the samples were returned to agarose-coated wells of six-well culture plates.
Phase I: selection of HP control
At 10 days, self-assembled constructs (n ¼ 6=group) were removed from confinement in 5-mm-dia. agarose wells and exposed to 10 MPa static HP for 1 h=day for 5 days. The constructs were then placed in one well of a six-well culture plate coated with 2% agarose for the remainder of the study. A bagged control consisted of constructs removed from confinement in 5-mm-dia. agarose wells at 10 days, and placed in the HP chamber for 1 h=day for 5 days, but unpressurized. The constructs were then placed in one well of a six-well culture plate coated with 2% agarose for the remainder of the study. A culture control (CC) consisted of constructs removed from confinement in 5-mm-dia. agarose wells at 10 days, and cultured in one well of a six-well culture plate coated with 2% agarose for the remainder of the study. Five hundred micro-
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ELDER AND ATHANASIOU liters of medium per construct was changed daily, and all constructs were assessed at 4 weeks.
Phase II: temporal effects of HP application At 6, 10, or 14 days, self-assembled constructs (n ¼ 6= group) were removed from confinement in 5-mm-dia. agarose wells, and placed in one well of a six-well culture plate coated with 2% agarose. The constructs unconfined at 6 days were exposed to 10 MPa static HP, 1 h=day, from 6 to 10 days, and were cultured unconfined in the six-well plate for the remainder of the study. The 6-day culture control group (CC 6) remained unconfined in culture from 6 days until the conclusion of the study. The constructs unconfined at 10 days were exposed to 10 MPa static HP, 1 h=day, from 10 to 14 days, and were cultured unconfined in the six-well plate for the remainder of the study. The 10-day culture control group (CC 10) remained unconfined in culture from 10 days until the conclusion of the study. The constructs unconfined at 14 days were exposed to 10 MPa static HP, 1 h=day, from 14 to 18 days, and were cultured unconfined for the remainder of the study. The 14-day culture control group (CC 14) remained unconfined in culture from 14 days until the conclusion of the study. Five hundred microliters of medium per construct was changed daily, and all constructs were assessed at 4 weeks.
Phase III: short-term and long-term effects of HP application At 10 days, constructs were removed from confinement, and 10 MPa static HP was applied for 1 h=day, from 10 to 14 days. A CC was treated as in phase I. Both HP and CC constructs (n ¼ 6=group) were assessed at 2, 4, and 8 weeks.
Histology and immunohistochemistry
Samples were frozen and sectioned at 14 mm. GAG distribution was examined with a safranin-O=fast green stain. 26, 27 To examine collagen content, picrosirius red was used. Slides were also processed with immunohistochemistry (IHC) to test for the presence of collagen types I and II on a Biogenex (San Ramon, CA) i6000 autostainer. After fixation in chilled acetone, the slides were washed with IHC buffer (Biogenex), quenched of peroxidase activity with hydrogen peroxide= methanol, and blocked with horse serum (Vectastain ABC kit; Vector Laboratories, Burlingame, CA). The slides were then incubated with either mouse anticollagen type I (Accurate Chemicals, Westbury, NY) or rabbit anticollagen type II (Cedarlane Labs, Burlington, NC) antibodies. Secondary antibody (anti-mouse or anti-rabbit IgG, Vectastain ABC kit) was applied, and color was developed using the Vectastain ABC reagent and DAB (Vectastain kit).
Quantitative biochemistry
Samples were frozen overnight and lyophilized for 72 h, followed by re-suspension in 0.8 mL of 0.05 M acetic acid with 0.5 M sodium chloride and 0.1 mL of a 10 mg=mL pepsin solution (Sigma) at 48C for 72 h. Next, 0.1 mL of 10Â TBS was added along with 0.1 mL pancreatic elastase and mixed at 48C overnight. From this digest, total DNA content was measured by Picogreen Ò Cell Proliferation Assay Kit (Molecular Probes, Eugene, OR). Total sulfated GAG was then quantified using the Blyscan Glycosaminoglycan Assay kit (Biocolor, Carrickfergus, United Kingdom), based on 1,9-dimethylmethylene blue binding. 28, 29 After being hydrolyzed by 2 N sodium hydroxide for 20 min at 1108C, samples were assayed for total collagen content by a chloramine-T hydroxyproline assay. 30 
Indentation testing
Samples were evaluated with an automated indentation apparatus. 31 A step mass of 0.7 g (0.007 N) was applied with a 1 mm flat-ended, porous indenter tip, and specimens were allowed to creep until equilibrium, as described elsewhere. 2 Preliminary estimations of the aggregate modulus of the samples were obtained using the analytical solution for the axisymmetric Boussinesq problem with Papkovich potential functions. 32, 33 The intrinsic mechanical properties of the samples, including aggregate modulus, Poisson's ratio, and permeability, were then determined using the linear biphasic theory. 34 
Tensile testing
Tensile tests were performed using a uniaxial materials testing system (Instron Model 5565, Canton, MA) with a 50 N load cell as described previously. 35 Briefly, samples were cut into a dog-bone shape with a 1-mm-long gauge length. Samples were attached to paper tabs for gripping with cyanoacrylate glue outside of the gauge length. The 1-mm-long sections were pulled at a constant strain rate of 0.01 s
À1
. All samples broke within the gauge length. Stress-strain curves were created from the load-displacement curve and the cross-sectional area of each sample, and Young's modulus was calculated from each stress-strain curve.
Statistical analysis
All samples were assessed biochemically and biomechanically (n ¼ 6). For phase I, a single-factor ANOVA was used to analyze the samples, and a Fisher LSD post hoc test was used when warranted. For phase II, a two-factor ANOVA was used to analyze the samples, and a Fisher LSD post hoc test was used when warranted. For phase III, a Student's t-test was used to compare the two groups at each timepoint. Significance was defined as p < 0.05.
Results
Gross appearance and histology
In all studies, the construct diameter slightly exceeded 6 mm at 4 weeks (Fig. 1a) . In phase I, there were no differences in thickness among the HP, BC, and CC groups, with values of 0.46 AE 0.06, 0.41 AE 0.03, and 0.43 AE 0.06 mm, respectively (Fig. 1b) . In phase II, there were no differences in thickness among the different groups, with values of 0.51 AE 0.03 and 0.50 AE 0.07 mm for the HP 6-10 and CC 6 groups, 0.52 AE 0.06 and 0.48 AE 0.07 mm for the HP 10-14 and CC 10 groups, and 0.54 AE 0.06 and 0.51 AE 0.09 mm for the HP 14-18 and CC 14 groups, respectively. In phase III, there were no differences in thickness among the groups, with values of 0.42 AE 0.03 and 0.41 AE 0.02 mm at 2 weeks, 0.70 AE 0.07 and 0.67 AE 0.05 mm at 4 weeks, and 0.93 AE 0.14 and 0.85 AE 0.16 mm at 8 weeks for the CC and HP groups, respectively.
In each phase, all constructs stained positive for collagen throughout their thickness (Fig. 1c) . Based on Safranin-O staining, GAG production was observed throughout the constructs (Fig. 1d) . Based on IHC, collagen II was expressed throughout each construct (Fig. 1e) , while there was no collagen I production (Fig. 1f) .
Quantitative biochemistry
In phase I, there were no differences in wet weight (WW)= construct or DNA=construct among the different treatment groups. The HP, BC, and CC groups had WW=construct values of 11.6 AE 1.9, 12.2 AE 0.6, and 12.0 AE 1.9 mg, and DNA= construct values of 39.9 AE 8.9, 41.0 AE 11.0, and 36.9 AE 11.4 mg, respectively. The HP group had a significantly higher GAG=WW than either the BC or the CC groups, with values of 6.1 AE 1.4%, 4.4 AE 0.5%, and 4.1 AE 0.1%, respectively (Fig. 2c) . The HP-treated group had a significantly higher collagen= WW than either the BC or the CC groups, with values of 10.6 AE 2.4%, 6.2 AE 1.9%, and 6.7 AE 0.6%, respectively (Fig. 2d) .
In phase II, there were no differences in WW=construct or DNA=construct among the different treatment groups. The WW=construct values were 10.7 AE 1.3 and 12.2 AE 1.5 mg for the HP 6-10 and CC 6 groups, 11.1 AE 1.2 and 11.0 AE 1.5 mg for the HP 10-14 and CC 10 groups, and 11.9 AE 1.7 and 11.0 AE 1.6 mg for the HP 14-18 and CC 14 groups, respectively. The DNA=construct values were 34.3 AE 7.5 and 32.3 AE 1.4 mg for the HP 6-10 and CC 6 groups, 43.6 AE 8.6 and 32.7 AE 7.6 mg for the HP 10-14 and CC 10 groups, and 44.6 AE 10.5 and 43.6 AE 14.2 mg for the HP 14-18 and CC 14 groups, respectively. HP was a significant factor for GAG= WW and collagen=WW. HP application from 6 to 10, 10 to 14, and 14 to 18 days increased GAG=WW from 3.9 AE 1.4% to 4.5 AE 0.4%, 3.5 AE 0.9% to 4.8 AE 0.6%, and 4.3 AE 0.7% to 5.1 AE 0.8%, respectively (Fig. 3c) . HP application from 6 to 10, 10 to 14, and 14 to 18 days increased collagen=WW from 7.4 AE 1.7% to 10.4 AE 1.7%, 8.0 AE 0.9% to 10.8 AE 1.2%, and 8.5 AE 1.1% to 9.4 AE 1.5%, respectively (Fig. 3d) .
In phase III, the WW=construct values were 10.0 AE 1.2 and 7.7 AE 0.3 mg at 2 weeks, 17.1 AE 1.7 and 14.4 AE 2.2 mg at 4 weeks, and 28.5 AE 5.6 and 27.7 AE 3.9 mg at 8 weeks for the CC and HP groups, respectively. There were no differences in cellularity at each timepoint with DNA=construct values of 35.7 AE 4.7 and 34.0 AE 3.8 mg at 2 weeks, 37.1 AE 7.3 and 34.3 AE 2.0 mg at 4 weeks, and 33.5 AE 3.3 and 30.2 AE 3.0 mg at 8 weeks for the CC and HP groups, respectively. HP significantly increased GAG=WW from 4.4 AE 0.9% to 5.7 AE 1.3% at 2 weeks, and from 6.2 AE 0.3% to 8.1 AE 0.4% at 4 weeks. The GAG=WW was 7.8 AE 0.6% and 8.5 AE 0.7% for the CC and HP groups at 8 weeks (Fig. 4c) . HP significantly increased collagen=WW from 7.4 AE 2.5% to 12.2 AE 0.3% at 2 weeks, and from 7.1 AE 1.8% to 10.8 AE 1.9% at 4 weeks. The collagen=WW was 8.6 AE 1.6% and 7.4 AE 1.5% for the CC and HP groups at 8 weeks (Fig. 4d) .
Mechanical evaluation
In phase I, the HP-treated group had a significantly higher aggregate modulus than the BC or CC groups, with values of 273 AE 123, 134 AE 45, and 116 AE 19 kPa, respectively (Fig. 2a) . There were no differences among the groups in Poisson's ratio or permeability, with ranges of 0.14-0.19 and 3.94Â 10 À14 -9.78Â10 À14 , respectively. Additionally, the HP-treated group had a significantly higher Young's modulus than the BC or CC groups, with values of 1.6 AE 0.4, 1.0 AE 0.3, and 0.9 AE 0.1 MPa, respectively (Fig. 2b) .
In phase II, HP was a significant factor for aggregate modulus and Young's modulus. HP application from 10 to 14 days led to a significant increase in aggregate modulus from 101 AE 32 to 238 AE 131 kPa. HP application from 6 to 10 days increased aggregate modulus from 97 AE 24 to 159 AE 52 kPa, and HP application from 14 to 18 days decreased aggregate modulus slightly from 195 AE 64 to 177 AE 68 kPa (Fig. 3a) . HP application did not significantly change Poisson's ratio 
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from control for any group, with a range of 0.04-0.22. Additionally, there were no differences in permeability among the groups, with a range of 2.83Â10 À15 -2.04Â10 À13 . HP application from 6 to 10, 10 to 14, and 14 to 18 days increased Young's modulus from 0.9 AE 0.1 to 1.3 AE 0.1 MPa, 0.9 AE 0.2 to 1.4 AE 0.3 MPa, and 0.8 AE 0.2 to 1.3 AE 0.2 MPa, respectively (Fig. 3b) .
In phase III, HP significantly increased aggregate modulus from 113 AE 16 to 158 AE 28 kPa at 2 weeks, and from 138 AE 30 to 270 AE 46 kPa at 4 weeks. There was no difference at 8 weeks, with values of 257 AE 51 and 296 AE 68 kPa for the CC and HP groups, respectively (Fig. 4a ). There were no differences among the groups in Poisson's ratio or permeability, with ranges of 0.18-0.26 and 2.26Â10 
EFFECTS OF TEMPORAL HYDROSTATIC PRESSURE ON CARTILAGE CONSTRUCTS
was no difference in Young's modulus at 2 weeks, with values of 373 AE 182 and 476 AE 228 kPa for the CC and HP groups, respectively. HP significantly increased Young's modulus from 596 AE 185 to 1144 AE 281 kPa at 4 weeks, and from 912 AE 131 to 1404 AE 442 kPa at 8 weeks (Fig. 4b) .
Discussion
This study utilized a three-phase approach to choose an appropriate control group for HP application, to determine the effects of temporal HP application, and to assess the temporal effects after HP application. To the best of our knowledge, this study is the first to assess the effects of HP application at different timepoints in construct development, and the first to examine short-term and long-term changes in construct properties after HP application.
In phase I, HP application significantly increased construct biomechanical and biochemical properties relative to both control groups, and the bagging process had no effect on construct properties. The application of 10 MPa static HP for 1 h=day, from days 10 to 14 led to a 120% increase in aggregate modulus and a 60% increase in Young's modulus, accompanied by significant increases in GAG and collagen content, respectively. Additionally, there were no differences in biomechanical, biochemical, histological, or gross morphological properties between the BC and CC groups. These results support our hypotheses, as HP application led to a significant increase in both compressive and tensile properties, and the bagging process inherent to HP application was shown to have no effect on construct biomechanical and biochemical properties. A comparison between the BC and CC groups was necessary to determine the effects of the bagging and handling process requisite for HP stimulation. In our setup, it is impossible to apply HP under sterile conditions without handling and bagging the constructs. As the handling and bagging is inherent to HP application, we consider HP application to include these inherent steps. Therefore, the CC group was selected for use in subsequent phases as it allows us to compare HP application in its entirety (including the handling and bagging process) to a control.
In phase II, it was determined that 10-14 days was the optimal time in construct development for HP application. HP application at all timepoints led to similar increases in tensile properties; however, HP application from 10 to 14 days had the greatest effect on aggregate modulus, a 140% increase. These results support our hypothesis, as HP application at a certain timepoint in construct development had the most beneficial effect on construct biomechanical properties. A 40% increase in GAG=WW accompanied the increased aggregate modulus of the 10-14 days HP group. On the other hand, HP application at all timepoints led to an 
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approximately 0.5-fold increase in Young's modulus, accompanied by increases in collagen=WW. These results are interesting because they suggest that there may be different mechanisms for the effects of HP on compressive and tensile properties. Additionally, these results correlate with a prior study on self-assembled constructs that suggested that 10-14 days of construct development may be an important window for mechanical intervention. 6 In phase III, HP application had immediate and delayed effects on construct properties. Application of static HP at 10 MPa for 1 h=day significantly increased compressive properties, GAG=WW, and collagen=WW immediately after the 5 days of HP application at 2 weeks, but the significant increase in tensile properties observed in the prior phases was delayed until 4 weeks. These results support our hypotheses, as the aggregate modulus was enhanced immediately after 10-14 days of HP application, while there was a delayed increase in tensile properties. This result was expected due to the slower turnover of collagen remodeling relative to GAG in the ECM. Since collagen content was quantified with a hydroxyproline assay, it is also possible that the measured collagen at 2 weeks was procollagen or immature collagen, which was not fully cross-linked or organized in the ECM until the next measurement at 4 weeks. Additionally, by 8 weeks, construct biomechanical and biochemical properties appear to level off, although a significant difference in tensile stiffness remains, likely as a result of the initial matrix formation present at the 4-week timepoint.
The results of these studies correlate with those of previous studies involving the use of static HP in physiologic magnitude ranges. For instance, Mizuno et al. 22 found that the application of 2.8 MPa static HP to three-dimensional collagen sponges seeded with bovine articular chondrocytes led to a 3.1-fold increase in [(35)S]-sulfate incorporation in GAG. Additionally, Smith et al. 17 observed a 32% increase in GAG synthesis with 10 MPa static HP application to highdensity cultures of adult bovine articular chondrocytes. Likewise, Toyoda et al. 21 found that 5 MPa static HP, applied to bovine articular chondrocytes cultured in agarose gels, significantly increased GAG synthesis and increased levels of aggrecan mRNA fourfold, while in a separate study, a 50% increase in the level of type II collagen mRNA was recorded with this same regimen. 20 These results mirror the biochemical findings of the currently presented studies, as significant increases in both collagen content and GAG content were observed, that presumably led to significant increases in both compressive and tensile biomechanical properties.
Since HP application does not lead to cartilage deformation, 36 it is difficult to envisage a mechanism to explain the beneficial effects of HP on construct biomechanical properties. However, as reviewed elsewhere, 37 HP can deform the void spaces of cell transmembrane proteins, and at a certain pressure, the void space deformation leads to a change in protein conformation. This conformation change likely occurs in cell surface ion channels that act as ''pressure sensors,'' theoretically occurring over the pressures at which we see effects. For example, in chondrocytes, the Na=K pump and Na=K=2Cl transporter were shown to be sensitive to 10 MPa static HP application. 38 Additionally, the Na=H pump 39 and stretch-activated calcium channels 40 in articular chondrocytes are affected by HP application. As ion concentration changes have been shown to alter protein synthesis, 41 different ion channel responses to HP likely stimulate signal transduction cascades that eventually lead to upregulation of ECM-specific genes. The increased gene expression likely leads to increased ECM protein production, eventually resulting in enhanced biomechanical properties as observed in this study. Alternatively, although water has a high bulk modulus, it is not incompressible. Therefore, it is possible that 10 MPa HP results in stimulation of additional mechanotransduction pathways as a result of the compressibility of water, as this may result in small strains on the cells without a measurable construct deformation.
Although several studies have examined the effects of various HP regimens on construct gene expression and protein production, to our knowledge, this is the first study to assess the effects of temporal HP application, as well as the first to examine the immediate and long-term effects of HP on construct biomechanical and biochemical properties. Future studies should determine if combining HP with other mechanical stimulation, such as direct compression or shear, leads to additive or synergistic effects.
